Context. A number of millimeter and submillimeter facilities with linear polarization observing capabilities have started operating during last years. These facilities, as well as other previous millimeter telescopes and interferometers, require bright and stable linear polarization calibrators to calibrate new instruments and to monitor their instrumental polarization. The current limited number of adequate calibrators implies difficulties in the acquisition of these calibration observations. Aims. Looking for additional linear polarization calibrators in the millimeter spectral range, in mid-2006 we started monitoring 3C 286, a standard and highly stable polarization calibrator for radio observations. • ). Conclusions. This, together with the previously known compact structure of 3C 286 -extended by ∼ 3.5 ′′ in the sky-allow us to propose 3C 286 as a new calibrator for both single dish and interferometric polarization observations at 3 mm, and possibly at shorter wavelengths.
Introduction
Despite the recent start of operations of a considerable number of millimeter observing facilities with ability for high precision polarization measurements (e.g., ALMA, PLANK, IRAM 30 m Telescope and PdB Interferometer, SMA, KVN, BOOMERANG, CBI, MAXIPOL, QUaD, WMAP, and BICEP), the number of suitable polarization calibrators is still limited. The most commonly used sources for calibration of millimeter polarization observations are the Crab nebula (Taurus A, Aumont et al. 2010) , Centaurus A (Zemcov et al. 2010) , the limb of the Moon (Barvainis et al. 1988; Thum et al. 2003) , and the diffuse Galactic emission (Matsumura et al. 2010 ). An ideal linearly polarized calibrator is a point-like, bright and constant source of high linear-polarization fraction with well defined and constant polarization angle. For most facilities designed to study the polarization properties of the cosmic microwave background, which still do not aim at observations with angular resolutions much better than ∼ 5 ′ , one or more among the four calibrators mentioned above fulfill most of these conditions. However, the relatively large angular extension of all these four polarization calibrators ( 5 ′ , where 5 ′ is the approximate angular extension of the Crab nebula at millimeter wavelengths; Aumont et al. 2010 ) may make difficult polarization calibration observations at angular resolutions better than that. Even when this is not the case, the poor coverage of adequate calibrators in the sky often reveals the need for new polarized sources suitable for calibration.
In this paper we present the results from series of millimeter measurements with the IRAM 30 m Telescope to characterize 3C 286 (with J2000 equatorial coordinates: α = 13 h 31 m 8.3 s , δ = +30
• 30 ′ 33 ′′ ) as a new bright, compact, stable, and highly polarized calibrator for short millimeter observations. This source has been widely used for calibration at centimeter radio wavelengths both for total flux (Baars et al. 1977; Ott et al. 1994; Kraus et al. 1999 ) and linear polarization observations (Perley 1982; McKinnon 1992; Taylor et al. 2001; Gómez et al. 2002) .
3C 286 is a bright compact steep spectrum radio quasar (Peacock & Wall 1982; Fanti et al. 1985) at a redshift z = 0.849 (Burbidge & Burbidge 1969) . Radio imaging with the Very Large Array at sub-arcsecond resolution has revealed an extended structure composed of three misaligned bright features (e.g., Akujor & Garrington 1995) . Among these three structures, the second one in brightness is located 2.6 ′′ WestSouth-West from the brightest one. Both of them are linked by a nearly straight jet-like bridge of radio emission seen in high dynamic range images. The third emission region is located at 0.8 ′′ East from the brightest one. Among these three emission features, the two brightest ones dominate the linear polarization emission, and show their electric vector oriented nearly parallel to the axis of the jet like structure between them. The integrated electric vector polarization angle of the source 1 χ ≈ 33
• at all observing wavelengths from 20 cm to 7 mm (Perley 1982; Taylor et al. 2001 ), see also http://www.vla.nrao.edu/astro/calib/polar/. The stability of χ along radio frequencies has also been demonstrated through polarization angle rotation measure studies (Rudnick & Jones 1983) . Very long baseline interferometric radio observations at milliarcsecond resolution of the brighter, and more compact, feature have revealed a well defined jet structure initially oriented in the South-West direction up to scales > 60 milliarcseconds, with the linear polarization fraction ranging from p ≈ 1 % and p ≈ 20 % and χ oriented nearly (but not exactly) parallel to the local jet axis (Jiang et al. 1996) . These properties are not uncommon in radio loud quasar jets. However, 3C 286 lacks a highly variable, low polarization, and high brightness temperature (T b 10 10 -10 11 K) radio core (Cotton et al. 1997) , as typical for radio quasars. This makes 3C 286 an excellent total flux and polarization calibrator at radio wavelengths, and provides it with its characteristic non variable, and large integrated linear polarization degree (p ≈ 11 %) at radio frequencies (http://www.vla.nrao.edu/astro/calib/polar/). The lack of a typical radio core in 3C 286 was interpreted by Cotton et al. (1997) as produced by strong relativistic de-boosting of the emission from the core when beamed in a direction significantly different from that of the observer's line of sight.
Observations and data reduction
The observations presented here were performed with the XPOL polarimeter (Thum et al. 2008) The standard XPOL set-up and calibration scheme introduced in Thum et al. (2008) and Agudo et al. (2010) olution of the telescope (full with at half power) is 28 ′′ and 11 ′′ , respectively.
After a cross-scan pointing of the telescope and an amplitude, and phase calibration measurement (see Thum et al. 2008) , every XPOL measurement consisting of wobbler switching onoffs was performed for a total integration time ∼ 8 min. The signal from every one of the two orthogonal 3 mm receivers was connected to the XPOL polarimeter, whose output consisted of a 640 MHz spectrum from each one of such receivers, plus the real and imaginary part of their cross-correlation. These four XPOL observables are used to compute the 4 Stokes parameters for each measurement (Thum et al. 2008) . XPOL hardware limitations only allow to connect 320 MHz to the remaining bandwidth of the polarimeter. This bandwidth was used for the simultaneous 1 mm observations taken after the end of 2009.
After calibration of the amplitudes and phases from every pair of linearly polarized orthogonal receiver, the instrumental polarization for every observing epoch (estimated through measurements of unpolarized calibrators, i.e. Mars and/or Uranus, when available) was removed from the data. The instrumental polarization parameters used for 3 mm observations before Spring 2009 were Q i ≈ 0.005I, U i ≈ 0.003I, for the contribution of the instrumental polarization to the Q and U Stokes parameters, respectively. After mid 2009, new instrumental polarization parameters characterized the performance of the new Tables 1 and 2 correspond to the statistical uncertainties for every specific measurement plus a 5 % systematic factor from the uncertainties in C Jy/K (Agudo et al. 2006 ) that was added quadratically. The linear polarization degree (p) and linear polarization angle (χ) uncertainties in Tables 1 and 2 were estimated from the statistical uncertainties from every measurement, plus a non-systematic contribution computed from the dispersion of Q, and U Stokes parameters from measurements of Mars and Uranus. These dispersion estimates are ∆Q i = 0.003I, and ∆U i = 0.002I, for both 3 and 1 mm observations. These give polarization-uncertainty medians of ∆p ≈ 0.5 %, ∆χ ≈ 1
• at 3 mm, and ∆p ≈ 4 %, ∆χ ≈ 5
• at 1 mm for our measurements of 3C 286. The absolute calibration of the polarization angle of the XPOL polarimeter has a precision of 0.5
• or better (Thum et al. 2008; Aumont et al. 2010 ). Hence, we do not consider a significant source of error from such calibration on the uncertainties of our final measurements. Figure 1 shows the 3 mm total flux density (S 3mm ), linear polarization degree (p 3mm ), and polarization angle (χ 3mm ) evolution of 3C 286 as measured from mid 2006 to the beginning of 2012 (see also Table 1 ). Neither S 3mm , nor p 3mm and χ 3mm show appreciable variability during the time range of our observations. Indeed, Fig. 1 resembles the behavior of a non varying total flux and polarization source, as observed for 3C 286 at longer centimeter wavelengths.
Results and Discussion

3 mm
To verify the stability of S 3mm , p 3mm , and χ 3mm with time, we test if these variables can be fitted by a constant. Initially we fit a linear model to each one of these data sets. This model is characterized by a slope (b) and an intercept (a), i.e. y = a + bt, were t is the time and y is either S 3mm , p 3mm , or χ 3mm . The resulting linear-model best-fit parameters are given in Table 3 . We tested the hypothesis that the slope b is equal to 0 (which we took as the Null Hypothesis, H 0 ). In Table 3 we show that, for the case of b, the P-values coming from the t-statistic are 62%, 6% and 29% for S 3mm , p 3mm , and χ 3mm respectively. This points out that the probabilities of getting the fitted values of b by chance are not small. Based on the values of the t-statistic, we also estimate the 95% confidence intervals for the fitted values of b (see Table 3 ). The zero-value (i.e. b = 0) lies within all such 95% confidence intervals. Since the P-values are greater than the 5% significance level the data do not provide grounds for rejecting the H 0 at 5% significance level. Therefore, the measurements of S 3mm , p 3mm , and χ 3mm are each one of them distributed around a constant value, within a 95% confidence level. Fitting a constant model (i.e., y = a) to the data further verifies the above picture (see also Fig 1) . This is demonstrated by the remarkably low P-values for obtaining the fitted value by chance (see Table 4 ). The resulting fitted constant of S 3mm , p 3mm , and χ 3mm for 3C 286, and their 95% confidence intervals are S 3mm = (0.91 ± 0.02) Jy, p 3mm = (13.5 ± 0.3) %, and χ 3mm = (37.3 ± 0.8)
• (see Table 4 and Fig. 1 ). We propose these as the values of S 3mm , p 3mm , and χ 3mm to use for calibration through observations of 3C 286.
1 mm
At 1 mm ( Fig. 2 and Table 2 ), the shorter observing bandwidth, the poorer atmospheric transmission and receiver sensitivity, and weakness of the source at this wavelength, together with the poorer time coverage at this spectral range in our monitoring of 3C 286 does not allow us to easily discern by visual inspection the stable S 1mm , p 1mm , and χ 1mm pattern seen at 3 mm. However, for the linear fit of S 1mm (t), p 1mm (t), and χ 1mm (t) (Table 5), the probabilities of getting the fitted values of b by chance are also rather high; 99, 12 and 94 %, respectively. The 95% confidence intervals for the fitted values of b, for the cases of S 1mm (t), p 1mm (t), and χ 1mm (t), also include b = 0. The corresponding P-values are greater than the 5% significance level. Thus, we can also confirm that the measurements of S 1mm , p 1mm , and χ 1mm are distributed around a constant value, within a 95% confidence level. This is confirmed by the constant fits to the 1 mm data sets. Their expected values, and 95% confidence intervals, are S 1mm = (0.30 ± 0.03) %, p 1mm = (14.4 ± 1.8) %, and χ 1mm = (33.1 ± 5.7)
• (Table 6 and Fig. 2 ).
3.3. Total flux and polarization properties of 3C 286 along the radio and millimeter spectrum Figure 3 and Table 7 show the total flux density and linear polarization properties of 3C 286 along the millimeter and radiocentimeter spectrum (from 1 mm to 21 cm). The corresponding data comes from either the results presented on this paper, or those from Peng et al. (2000) and Taylor et al. (2001) , see Table 7 .
The flux density plot shows a monotonically decreasing spectral trend as those expected for optically-thin synchrotron emission from relativistic jets (e.g., Marscher & Gear 1985) . Despite some moderated spectral-index jumps seen for the measurements with larger errors (Fig. 4 and Table 8 ), the spectral index also shows an overall decreasing pattern along the broad radio-millimeter spectral-range considered here. No evident spectral break is observed from Fig. 3 , hence suggesting that the synchrotron radiation observed from 3C 286 at 1 mm through 21 cm was produced by a single electron population.
The 3 and 1 mm polarization properties of 3C 286 shown by Fig. 3 seem to be rather similar to those at longer wavelengths within a ∼ 2 % fractional polarization, and ∼ 4
• polarization angle. However, the 3 and 1 mm polarization degree (p 3mm ≈ 13.5 % and p 1mm ≈ 14.5 %, respectively) seem to increase slightly for decreasing wavelengths with regard to the fractional polarization at wavelengths longer than 3 mm (that lies at the [11, 12] % level). The polarization angle that we measure at 3 mm (χ 3mm ≈ 37
• ) is also moderately different than the one measured at longer wavelengths (∼ 33
• , see Fig. 3 and Table 7 ). Our 1 mm polarization angle measurement (χ 1mm = 33 ± 6
• ) has sufficiently large uncertainty to avoid discerning if the shorter wavelength polarization angle matches the values of the 3 mm measurements or those at longer wavelengths. We hope to solve this ambiguity by better constraining the 1 mm polarization angle of 3C 286 through the continued monitoring of the source that we currently perform at the IRAM 30 m Telescope.
The slightly different fractional polarization and polarization angle at the shorter wavelengths in 3C 286 can be explained if the fraction of tangled magnetic field decreases towards inner regions upstream in the jet. Some fraction of such tangled magnetic field is needed to explain the decreased fractional polarization observed in the entire radio and millimeter spectrum with regard to the predicted value for optically-thin polarized synchrotron-radiation (∼ 70 %, Pacholczyk 1970), if Faraday depolarization is negligible (which is clearly the case of 3C 286, see Fig. 3 ). Also, the bulk jet emission should be radiated from jet regions at inner upstream locations for shorter wavelengths, as usually observed through very long baseline interferometry in relativistic jets in active galactic nuclei (e.g., Sokolovsky et al. 2011) . Within this scenario, the radiation emitted at shorter wavelengths from inner jet region, would show higher fractional polarization than the longer wavelength emission. The different polarization angles for radiation emitted from inner jet regions may be explained by a slightly different jet direction with regard to the jet section where the longer wavelength emission is radiated (e.g., Abdo et al. 2010 ). This can be easily accommodated within Cotton et al.'s model for 3C 286 (see Fig. 6 in Cotton et al. 1997) , which uses a bend in the inner jet regions to explain the apparent lack of a high brightness temperature core -beamed away from Earth in their model-as the cause for the unusual total flux and polarization properties of the source. 1.4 × 10 Note: Columns are as follows: (1) fitted parameter, (2) estimate from the fit, (3) standard error, (4) t-statistic, (5) its corresponding P-value, and (6) and (7) lower and upper limits of the 95% confidence interval, respectively. 36.57 38.13
Note: Columns are as follows: (1) estimate of a from the fit, (2) standard error, (3) t-statistic, (4) its corresponding P-value, and (5) and (6) lower and upper limits of the 95% confidence interval, respectively. Fig. 3 . Total flux density, polarization degree, and polarization angle of 3C 286 along the radio and millimeter spectrum. Plotted data are those presented in Table 7 . Table 8 .
Summary and conclusions
We have shown that although 3C 286 displays moderate millimeter flux densities (S 3mm ≈ 1 Jy and S 1mm ≈ 0.3 Jy), its large millimeter polarization degree (p 3mm ≈ 13.5 % and p 1mm ≈ 14.5 %) and its time stability make this source a valuable polarization calibrator for millimeter observations with instruments sensitive enough to detect linear polarization as bright as ∼ 120 mJy at 3 mm and ∼ 45 mJy at 1 mm. Table 8 . Spectral indexes of flux densities for contiguous wavelenghts as shown in Table 7 . 
.
The 3 and 1 mm total flux and polarization properties of 3C 286 have been shown to be rather similar to those previously known at longer wavelengths, which further supports the suitability of extending the use of 3C 286 as total flux and polarization calibrator from radio towards short millimeter wavelengths. The slightly larger 3 and 1 mm fractional polarization of the source with regard to those at longer wavelengths (p ∈ [11, 12] % from 7 mm to 6 cm), can be explained if the degree of tangled magnetic field in the jet decreases towards inner upstream jet regions. To explain the deviation of ∼ 4
• of the 3 mm (and perhaps 1 mm) polarization angle with regard to that at longer wavelengths, a small bend in the inner jet regions is also needed, but this is fully consistent with previous models for 3C 286. The time-dependent behavior of the source at 3 and 1 mm has been shown to be as stable as it is well known to be at shorter millimeter and radio wavelengths, which also supports the idea of the suitability of 3C 286 for total flux and polarization calibration purposes.
Having 3C 286 as an additional polarization calibrator may be an advantage for calibration and/or observing programs with limited observing time, if no other reliable polarization calibrator lies in the sky during their observing window. 3C 286 has a maximum extension of up to ∼ 3.5
′′ on the plane of the sky. In contrast, other available polarization calibrators show extended structures as large as ∼ 5 ′ , e.g. the case of the Crab nebula (Aumont et al. 2010) , or even ∼ 12 ′ for Cygnus A (Zemcov et al. 2010) . Hence, 3C 286 may facilitate polarization calibration observations with high resolution interferometers such as ALMA, Plateau de Bure, or the Sub-mm Array on extended configurations. Moreover, given the moderate northern declination of 3C 286 (see Section 1) it can be observed comfortably from all northern millimeter observatories, and (at elevations up to ≈ 30
• ) even from most southern millimeter observatories, including ALMA.
We conclude that 3C 286 may be safely used for calibration of both single dish and interferometric polarization observations at 3 mm, and possibly at shorter wavelengths.
